Introduction
[2] The lithosphere-mantle coupling problem has been a controversial issue in geodynamics for the past few decades. The question that has divided the earth science community is the degree of coupling between deeper density buoyancydriven mantle circulation and the lithosphere, and whether such coupling has a role to play in lithosphere dynamics. The methods for tackling this problem consist of either predicting the velocities of the surface plates or modeling the lithospheric stress field. If the initial plate-mantle coupling model is correct, then the predicted velocities will match the observed plate motions and the modeled stress field will match the stress observations. Here, we investigate the problem of lithosphere-mantle coupling by modeling the lithospheric stress field and comparing our results with strain rate tensor observations from the Global Strain Rate Map (GSRM) [Kreemer et al., 2003] .
[3] We address two principal sources of stress within the lithosphere: (1) internal buoyancy forces arising from lateral density variations within the lithosphere (lithosphere buoyancy) and (2) basal tractions associated with large-scale mantle convection arising from deeper density buoyancies below the lithosphere (mantle buoyancy). Bai et al. [1992] and Bird [1998] , and more recently Steinberger et al. [2001] and Lithgow-Bertelloni and Guynn [2004] , have modeled the lithospheric stress field by combining the above two sources. In most of these studies, the modeled stress field was compared with stress observations from the World Stress Map (WSM) [Zoback, 1992; Reinecker et al., 2005] . One of the factors that distinguishes our study is a quantitative comparison of the modeled deviatoric stress tensor field with the GSRM's horizontal deformation tensor field within the Earth's plate boundary zones as well as a sensitivity analysis on the role of lithosphere-asthenosphere viscosity contrasts in generating the optimal magnitude of tractions at a reference level, taken as the generalized base of the lithosphere. In this paper we use a long-wavelength traction field generated by a simple convection model. The aim of our study is to investigate the joint contribution of internal lithospheric density buoyancies and these longwavelength tractions on the deviatoric stress field of the lithosphere.
Method
[4] Internal buoyancy sources within the lithosphere influence the lithospheric stress field by giving rise to gravitational potential energy (GPE) differences, which in turn produce deviatoric stresses. Density buoyancy-driven mantle convection gives rise to basal tractions that act upon the base of the lithosphere to yield a contribution to deviatoric stresses. We use the thin sheet approximation to solve for vertically integrated deviatoric stresses associated with both of these effects. This involves vertically integrating the force-balance equations from a reference level at radius r L to the Earth's surface, radius r S (see Text S1 1 , Appendix A). The level of integration, r L , is taken to be a constant depth of 100 km below the sea-level. Note that r S varies in continents due to variable surface topography, whereas in oceans r S constitutes the sea-level and is thus constant.
[5] Solutions to the force-balance equations for the vertical integrals of horizontal deviatoric stress can be obtained given GPE differences [e.g., Flesch et al., 2001; Ghosh et al., 2006] . Density buoyancy-driven mantle convection also produces radial and horizontal tractions that act at the bottom of the lithosphere. The radial tractions yield dynamic topography at the Earth's surface. The influence of this dynamic topography (or radial traction) on lithospheric stress can be dealt with in two ways. First, because the present-day topography already contains the dynamic contribution related to deep mantle convection, one can calculate the depth integrals of vertical stresses using the present-day topography and density structures in the lithosphere (the crustal and upper mantle structure in the top 100 km of the Earth). The depth integrals of vertical stresses following this procedure should be viewed as the summation of two components, with one contributed by the lithosphere buoyancies and the other by the radial tractions acting at the base of the lithosphere from the deep mantle density buoyancies. Such an approach does not address the consistency problem between the observed dynamic topography and predicted dynamic topography. In the present case, the densities in the lithosphere are obtained from the seismically inferred crustal structures (e.g., Crust 2.0 [G. Laske et al., Crust 2.0: A new global crustal model at 2 Â 2 degrees, 2002, available at http://mahi.ucsd.edu/Gabi/rem.html]). Alternatively, one can directly compute the corresponding deviatoric stresses in the lithosphere from the predicted dynamic topography or radial tractions from the convection models. These deviatoric stresses are then added to those associated with a compensated lithosphere model. In such a treatment, the surface topography used to calculate the GPE difference in the lithosphere model is the compensated component based on the density buoyancies in the lithosphere. The deviatoric stress field produced by the compensated lithosphere model represents the contributions from only the density buoyancies in the lithosphere. If a convection model is selfconsistent, that is, it predicts dynamic topography that matches, in both pattern and magnitude, the observed residual topography (total observed topography minus the compensated component) the above two approaches should yield same results. In this study, we adopt the first approach and address the self consistency of predicting dynamic topography in future studies.
[6] In order to obtain the deviatoric stresses associated with the horizontal tractions that are generated by density buoyancy-driven mantle flow, solutions to the force-balance equations can be calculated given distributions of the horizontal tractions (Text S1, Appendix A). The solution from horizontal tractions is then added to the solution from GPE differences described above to obtain the total deviatoric stress field. The suitability of the thin sheet approximation in the presence of large-scale three dimensional flow is discussed in Text S1, Appendix D.
[7] In our global model, we solve the force-balance equations on a 2.5°Â 2.5°global grid using a finite element technique [Flesch et al., 2001] such that the deviatoric stress field solution provides a global minimum in the second invariant of deviatoric stress (Text S1, Appendix B).
[8] We calculate GPE from the crustal thickness and density dataset, Crust 2.0. The cooling plate model based on ocean floor age data [Müller et al., 1997] with revised parameters from Stein and Stein [1992] is used to define densities for oceanic regions. The plate boundary zones are assigned variable viscosities based on strain rates from the GSRM [Kreemer et al., 2003 ] (see Text S1, Appendix B). We calculate GPE and the associated deviatoric stresses from the uncompensated Crust 2.0 model, which incorporates the contribution from radial tractions (dynamic topography) in addition to the contribution from lithosphere buoyancy sources.
[9] The horizontal tractions are derived from a convection model by Wen and Anderson [1997b] on solving the conservation equations of mass and momentum, using the constitutive equation between stress and strain rate with free slip boundary conditions, by a standard propagator matrix technique. Our mantle convection model is a whole mantle (WM) model with radially variable viscosities, the lower mantle being 10 times more viscous than the upper mantle. Unlike Wen and Anderson [1997b], we do not consider lateral viscosity variations within the lithosphere in our simple convection models. The density anomalies in the upper mantle are inferred by adjusting the relative weights of density anomalies related to subducting slabs [Wen and Anderson, 1995] and residual tomography [Wen and Anderson, 1997a] , on the basis of fitting the geoid. The density structure in the lower mantle was derived from a seismic tomographic model [Su et al., 1994] . The detailed information for the density model and the velocity density scalings were presented by Wen and Anderson [1997b] . The contributions that the horizontal tractions make on the lithospheric deviatoric stress field are computed using the thin sheet model with laterally variable viscosity. The negative of these horizontal tractions, or body force equivalents, are applied at the base of the variable viscosity thin sheet as a boundary condition (see Text S1, Appendix A). The contribution from the basal tractions is then added to the contribution from GPE differences to determine a total horizontal deviatoric stress field.
A Quantitative Comparison With Deformation Indicators at Plate Boundary Zones
[10] We test our modeled deviatoric stresses quantitatively with strain indicators from the GSRM [Kreemer et al., 2003] . GSRM is a high resolution model based on 5170 GPS stations and Quarternary fault slip data, confined along the deforming plate boundary zones. The modeled deviatoric stress tensors are scored with the strain rate tensors in GSRM, and we seek to match direction of principal axes as well as style of faulting inferred from the strain rate tensors. We define a correlation coefficient [Flesch et al., 2007] :
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q and e Á t = 2e ff t ff + e ff t+ et ff + 2et+2e fq t fq . E and T are the second invariants of strain rate and stress, e ij are strain rates from Kreemer et al. [2003] , DS is the grid area, and t ij are the calculated deviatoric stresses. Normalization by E and T ensures that the correlation coefficient depends only on the inferred style of faulting embedded in the deviatoric stress and strain rate tensors and on the direction of principal axes of strain rate and stress tensors; there is no dependence on magnitude of stress or strain rate. The maximum correlation coefficient of +1 indicates a perfect fit between the directions of principal axes of deviatoric stress and directions of principal axes of strain rate as well as a perfect fit between expected styles of faulting associated with the deviatoric stress and strain rate tensors. The minimum coefficient of À1 indicates anti-correlation. A value of 0 implies no fit, including, for example, predicted strike-slip style of deviatoric stress, where the compressional and tensional principal axes differ from those in the GSRM by 45°.
Results

Deviatoric Stresses From GPE Differences
[12] There occurs a positive correlation between higher elevation areas and areas of high GPE, such as Andes, western North America, and the Tibetan Plateau. These high GPE areas are also in deviatoric tension. Topographically low areas and older oceans exhibit low GPE and consequently are in deviatoric compression (Figures 1 and S2) . Comparison of modeled stresses from GPE differences to the deformation indicators in GSRM indicates an excellent fit along the mid-oceanic ridges and the Indo-Australian boundary zone. Areas of continental deformation, such as western North America, Andes and central Asia, exhibit a poor fit (Table 1 and Figure 1 ), clearly indicating that in those areas, lateral variations in GPE are not sufficient to explain the observed deformation.
Total Deviatoric Stress Field From Combined GPE Differences and Mantle Buoyancies
[13] In the mantle convection models used to generate horizontal basal traction estimates, we test a range of lithosphere viscosities from slightly strong (5 Â 10 21 Pa-s) to very strong (100 Â 10 21 Pa-s) (Figure 2 ). The asthenosphere viscosity is also varied by 4 orders of magnitude, from 10 18 to 10 21 Pa-s. Amongst the various models of radially symmetric viscosity structures that we test, the ones marked within the ellipse generate deviatoric stresses, which when added to the deviatoric stresses from GPE differences (Figure 1) , yield global correlation coefficients with GSRM Figure 1 . Global distribution of vertically integrated horizontal deviatoric stresses and correlation coefficients (on scale bar, equation 1) between observed strain rate tensors from the GSRM and deviatoric stress tensors arising from GPE differences from the Crust 2.0 model. Tensional deviatoric stresses are shown by green arrows while compressional deviatoric stresses are shown by black arrows. Length of the arrows are proportional to the magnitude of stresses. Strikeslip regions are indicated by one tensional and one compressional pair of arrows. (1). The mantle viscosity model considered is model 8. The viscosities in the lithosphere of the thin sheet model vary as function of strain rates ( Figure S1 ) for columns 3 and 4, whereas for the last two columns, the lithosphere in the thin sheet model has uniform viscosity. of 0.65 and above. One aspect common to all these models is the need for a strong viscosity contrast between the lithosphere and the asthenosphere (100-10,000 times stronger lithosphere). All successful models (1-9) yield a consistent long-wavelength pattern of horizontal tractions acting at 100 km depth (see Figure S3) .
[14] Viscosity models 1-5 (with a lithosphere-asthenosphere viscosity contrast between 100 and 1000) yield horizontal tractions at 100 km depth that are of magnitude 3 -6 MPa ( Figure S4 ), and provide horizontal deviatoric stresses that dominate stresses associated with GPE differences ( Figure S5a ). Close inspection suggests that these models are less than optimal because they predict thrust faulting in parts of Tibet and Lake Baikal regions, and too little tension in the U.S. Basin and Range and the Aegean region.
Viscosity models 6 -9 (with a lithosphere-asthenosphere viscosity contrast between 1000 and 10000 and with a weak asthenosphere of 10 19 Pa-s), on the other hand, yield deviatoric stress magnitudes closer to stress magnitudes from GPE differences ( Figure S5b ) and provide a more favorable match to deformation indicators in the above mentioned regions. Models 6 -9 are thus our preferred models. The horizontal tractions from models 6-9 have the same pattern as models 1 -5, but the magnitudes are reduced, and range between 1 -2.5 MPa ( Figure S3 ). Deviatoric stresses from the combined sources of GPE differences and horizontal tractions from mantle buoyancies (Figure 3) show improvement of fitting in all areas, particularly in regions of continental deformation (Table 1 and Figure 3 ). Viscosity models with too small a contrast between the lithosphere and asthenosphere (models outside the ellipse) yield a poor fit to the deformation indicators (Figures 2 and S6 ).
[15] While a uniform viscosity lithosphere in the thin sheet model still improves the fit to the strain rate tensor information when the mantle contribution is added to the lithospheric contribution, the overall fit is much lower than when lateral variations are present (Table 1 ). The inferred lateral viscosity variations in the lithosphere above, however, have little effects on the large scale basal tractions generated by the deep convection models. For example, we compute degree 12 and degree 20 convection model responses using the lithospheric viscosity structure of the thin sheet and find that tractions from these models ( Figure S7 ) have little difference from those of the uniform lid lithosphere model ( Figure S8 ). Therefore, for simplicity in the present study, we have adopted large scale convection models with a uniform viscosity lithospheric lid. Some other types of lateral variation of viscosity in the lithosphere (for example, the continent and ocean divide) would have large effects on the large scale tractions from deep mantle circulation [Wen and Anderson, 1997b] . We will address this issue in a future study with the observed plate motion as a further constraint.
Discussion and Conclusion
[16] Our results show that deviatoric stresses from GPE differences alone are not able to match the direction of principal axes and style of faulting in many of the deformation zones of the Earth's surface, particularly within the continental zones of deformation; horizontal basal tractions arising from mantle convection are also required to match the deformation indicators. These horizontal basal tractions that are coupled to the base of the lithospheric plates arise from mantle flow induced by current and past subducted lithosphere in these areas (e.g., the Indian plate, Andes, Figure S3 ). An aspect that is of prime importance is the viscosity contrast between the lithosphere and the asthenosphere, where a sufficiently large contrast (100-10,000 times) is required for the effective body forces associated with horizontal tractions to have the right directions and magnitudes. Although a wide range of models involving viscosity contrasts between lithosphere and asthenosphere appear to adequately match the global GSRM data (models 1-9), our preferred models are those in which horizontal tractions and GPE differences contribute approximately equally to the deviatoric stress field. These models (6 -9) involve a weak asthenosphere of 10 19 Pa-s, horizontal traction magnitudes of 1 -2.5 MPa, and vertically integrated compressional deviatoric stress magnitudes ranging between 1 -4 Â 10 12 N/m, consistent with deviatoric stress magnitudes obtained by Richardson [1992] . Lateral viscosity variations within the plate boundary zones improve the fit to the deformation indicators there, although these lateral variations have little effect on the large-scale basal traction patterns that are generated by the deep convection models. In future studies we will address other types of lateral variation of viscosity in the lithosphere, such as the continent and ocean divide, which have significant effects on the large scale tractions from deep mantle circulation [Wen and Anderson, 1997b] .
